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Introduction
Forest ecosystems of the northern hemisphere are currently a large carbon sink in respect to the atmosphere (Myneni et al. 2001 , Liski et al. 2003 . The direct human-induced part of this sink is accountable with the Kyoto protocol (UNFCCC 1997) . However, factoring out the drivers for this sink can only be done with large uncertainties yet (e.g. Vetter et al. 2005 , Albani et al. 2006 ) and studies are required that better represent forest management, especially the effects of age and stand structure (Perry et al. 2008) . In line with changes in forest management goals, many forests in Central Europe will become more diverse and the importance of mixed species, multi-cohort stands will increase (Kohm and Franklin 1997 , Gamborg and Larsen 2003 , Larsen and Nielsen 2007 . Many current studies of forest carbon, however, work with stratified forest inventory data (e.g. Vetter et al. 2005 ) and hence abstract from many details of the stand structure. This involves aggregation of inventory data, which potentially introduces a bias with the application of non-linear models (Harvey 2000) . Several aspects of carbon stock quantification are highly non-linear, e.g. the dependence of biomass expansion factors on tree age and site quality. Hence, it needs to be tested, if the aggregation of forest inventory data and the representation of multicohort mixed stands results in a bias in carbon stock projections. Davi et al. (2006) already showed that aggregating several eco-physiological parameters resulted in only a negligible bias on applying the process based CASTANEA model at subplot, stand, and landscape scale. They simulated monospecific stands only. Generally, however, the factors that are generalized or averaged in the process of data aggregation at stand scale concern mostly differences between species and between tree ages. First there are parameters of the growth and management of trees (diameter and height increment, competition, thinning intensities, natural mortality, proportion of extracted biomass on harvest), second, the conversion of inventory data to carbon mass (volume equations, wood densities, biomass expansion factors for stem, branches, leaves, and roots), third, estimation of carbon inputs to the soil (biomass turnover rates), and fourth, litter decomposition parameters (distribution of litter qualities and decomposition rates).
I categorize the approaches of projecting the forest carbon sink into three classes (Fig. 1 ). First, with the stratified approach a) the forest area is stratified into classes by dominating species, age structure, and site conditions. Next, the carbon dynamics of each class are simulated (e.g. Vetter et al. 2005 , Freibauer et al. 2008 . Alternatively, the transitions of forest areas from one class to another class are tracked in a forest scenario model (e.g. Thurig and Schelhaas 2006) . Second, the subsampled approach b) differs from the stratified approach by simulating a set of localized stands instead of a set of classes. The approach must assume that the sample of simulated stands is representative for the studied forest area (e.g. Nabuurs and Schelhaas 2002, Lasch et al. 2005) . Third, the detailed approach c) simulates each stand of the study area separately (e.g. Le Maire et al. 2005) . The level of spatial heterogeneity and the level of detail in forestry management that can be represented in the carbon sink projection increases from (a) to (c). However, also the requirements on input data and execution times increase. Therefore it is desirable to use the detailed approach (a), but it must be shown, that the aggregation of parameters and input data does not lead to a bias.
Hence, the goal of this study was to perform a case study at the scale of a forest district that assesses the effect of the aggregation of the forest inventory data on the carbon stock projections. I used a single-tree based empirical forest ecosystem carbon balance model and compared the simulated carbon stocks between different scenarios of aggregation of forest inventory data. My hypothesis was that the aggregation of multicohort forest inventory data to a single cohort results in a bias in simulated forest ecosystem carbons stocks. In order to exclude confounding effects, this study did not consider climate change and changes in management practises.
Methods

Study Area
I studied a population of forest stands in the Hummelshain forest district. This district was located 50°48′N, 11°35′E at the south-eastern edge of Thuringian basin at altitudes of 270-330 m above sea level. The population was constrained to stands that were owned by the federal state, and where trees with a diameter at breast height (dbh) of at least 7 cm were present, because forestry inventory data were sparse or it were not available for other stands.
The population consisted of 1616 stands that covered an area of 3619 ha. Limestone in the west and sandstone at the east of the district formed a plateau that was carved by the Saale river and several smaller rivers. The forest areas were located at the plateau areas and the ridges between the Saale and several contributing rivers. Mean annual temperature was 8.5 °C and annual precipitation was 602 mm according to the lower climate stratum of Vetter et al. (2005) . Most stands were dominated by Scots pine (Pinus sylvestris) and interspersed with spruce (Picea abies), birch (Betula pendula), and oak (Quercus rubra). On several sites also common beech (Fagus sylvatica) was dominating. There were differences in species composition between the western sandstone dominated growing region and the eastern limestone dominated growing region (Fig. 2 bottom) . The forest area has been managed until 1993 by a smallstrip clearcutting system leading to homogeneously managed stands of size 0.5-5 ha. However, the distribution of stands showed a strong domination of stands of 40-50 years ( Fig.  3 ). For more than two third of the stand area the forest inventory recorded one or more cohorts in addition to the dominating cohort. Within the nondominating cohorts there was a larger proportion of oak and other softwood and hardwood species (Fig. 2 , compare bottom to top). I exemplify some of the stand-scale results at the specific stand with the forest inventory id "10,S,1,3,189,a,2", here referred to as the A stand. It consisted of 4 cohorts, for which basal area data was available (Table 1) : the dominating Spruce cohort of age 55 years, a younger spruce cohort of age 45 years, a pine cohort and a birch cohort, which were both of age 50 years. The forest inventory additionally listed a remnant of a pine cohort of age 95 year, for which no further information, such as basal area, was available. Site conditions were described as a dystric Cambisol (class "BBn: Normbraunerde" in the used site map) on sandstone bedrock with no seasonal changes in intermediate soil moisture (class "terrestrisch, mäßig frisch") and intermediate nutrient availability. The stand was located in the climatic region in the lowlands (class "Vm"), with annual mean temperature of 8.5°C, annual precipitation sum of 602 mm, and a drought index, i.e. precipitation minus potential evapotranspiration from May to September, of 8 mm.
Data
Forest inventory in the study region is performed with the main objective to assess timber volume and growth increment. All the stands of the forest area of the forest district are sampled during one year and the sampling is repeated every 10 years. Diameter at breast height (cm) and basal area (m 3 / ha) of each cohort (classified by species, age, and height distribution) are assessed with a relascope and on a small subset of trees also tree height is measured. Cohort data enters a database together with recorded age of the cohort, measured or interpolated height (m), calculated relative and absolute timber volume (m 3 /ha; m 3 ), site index (expected tree height at age 100 years in m), the proportion of covered area within a layer of the stand (%), a species identifier and several other descriptive parameters such as social role, tree layer and damages. Additionally, an inventory of site conditions has been performed, which is based on soil profiles and delineation of homogenous areas based mainly on local topography and ground vegetation (Kopp and Schwaneke 1991) . The site inventory records information on bedrock, geology, moisture conditions and nutrient availability. The areas of this site evaluation are nested within areas of similar climatic conditions, which are based mainly on altitude and exposition in this inventory.
I used the climatic data from Vetter et al. (2005) and related it to the classes of the site inventory. Vetter et al. obtained the data from 11 stations of the German Meteorological Society (DWD Offenbach Germany) and aggregated it to 3 classes. The original data consisted of an hourly record of temperature, precipitation, water pressure deficit, solar radiation and day length from 1971-2001. Additionally I used the Simpel model (Hörmann 2006 ) to calculate potential evapotranspiration for spruce and for broadleaved species dominated stands.
Forest Ecosystem Carbon Model
In order to project the stand structure and the development of carbon stocks, I used the TreeGrOSS-C model which is described in more detail in appendix A and (Wutzler 2007) . The model is an extension of the TreeGrOSS-model (Tree Growth Open Source Simulator), an empirical single tree based stand simulator which is based on data of long term monitoring plots in Central Germany (Nagel 1999 (Nagel , 2003 (Nagel , 2006 . TreeGrOSS projects the development of diameter and height of individual trees by a species and site dependent potential growth that is diminished by the competition state of each tree. It contains modules to calculate the timber volume of trees, as well as modules to generate distributions of single trees, based on average diameter and height of tree cohorts.
I extended the TreeGrOSS model first, by modules to read and generate inventory information of the used inventory data, second, by modules to convert timber volume to carbon of several tree compartments and it's turnover by wood density (Weiss et al. 2000) , biomass expansion factors (Lehtonen et al. 2004 , Zianis et al. 2005 , Wutzler and Wirth 2007 , and average life times (Wutzler and Mund 2007) , and third, by modules to allocate carbon in harvested timber to several product groups according to Mund et al. (2005) . Next, I coupled the extended TreeGrOSS model to a model of forestry management, a simple wood product model, and the Yasso Soil Carbon model (Liski et al. 2005) (Fig. 4) . The management model compared the inventory of each cohort of the simulated stand to yield tables at each year that was listed in the corresponding yield tables. Then it generated thinning demands by specifying the accumulated basal area and the mean diameter of trees to be thinned determined by the difference to the corresponding yield table specification. The target value from the yield table was specified for monospecific stands only. Hence, the value was multiplied by the proportion of the basal area of the cohort to the sum of basal area of all cohorts. The amount of thinning was constrained to be at maximum 20% of the current basal area, in order to avoid stand instability. The stand was harvested at the last stand age that was recorded in the yield table of the dominating cohort and cohorts were reestablished with the same shares of cohorts as in the initial forest inventory.
The wood product model tracked the carbon in several product groups that are defined by a common life time. It was assumed that an amount of wood corresponding to the reciprocal of the life time leaves the pool each year. This led to a first order decay approximation for the pool sizes.
The Yasso soil carbon model was split into a species-dependent and a species-independent part. The dependent parts were replicated in order to simulate multi-cohort stands. Yearly inputs of mean annual temperature, annual precipitation, and drought index were provided. The soil model was initialized by spinup-runs with modelled mean past litter production (Wutzler and Mund 2007) and adjusted with the transient correction to account for former disturbances (Wutzler and Reichstein 2007) . The correction required an independent estimate of initial carbon stocks. Therefore, I extrapolated measured carbons stocks in mineral soil and organic layer based on the inventory of site conditions and the forest inventory. For the spatial extrapolation, I applied geo-matching in conjunction with the regression models developed by Wirth et. al. (2004) , making use of the combined data of the forest inventory and the site evaluation. The stand growth model had an internal time step of 5 years. The management model and the product model were implemented as discrete event models (Zeigler et al. 2000) and run according to the thinning events as specified by the yield tables. The Yasso soil carbon model was implemented as a quantized system that solved the differential equations with a time step adjusted to the accuracy of the pool changes (Kofman 1997) and received updated litter input rates at least each 5 years. In this study I analysed the simulated merchantable timber volume (m 3 /ha), above ground wood with a diameter > 7 cm and carbon stocks (t/ha) in -above and below ground biomass of living trees -woody debris, i.e. the sum of dead wood, dead root and woody litter -and the soil including the organic layer
Practical Scenario
In accordance with the goal of this study I did not introduce scenarios of climate change nor introduce changes in management practises. I projected the carbon stocks to the next century under practical assumption that management, i.e. timing and amount of thinning and harvesting and stand establishment, corresponded to yield tables. Climatic drivers were kept constant to the mean over the previous 40 years. The additional assumptions with the possible inclusion of climatic correction into empirical stand growth models (Matala et al. 2006) together with the uncertainty of regional and topographic climate scenarios (Running et al. 1987) , would have increased model complexity and they would also have complicated the interpretation of the results.
Four Approaches of Aggregating Forest Inventory Data
The aim of this study was to assess the effect of aggregating multi-cohort, multi-species stands to only one cohort on the projection of carbon stocks. Hence, I ran the TreeGrOSS-C model in several scenarios which differed in the way of how the input data has been aggregated before (Table 2) . First I ran the model with the data of all the stands and all the cohorts to form a baseline (detailed approach, Fig 1c) . Second, I ran the model for each stand but with only a single aggregated cohort, i.e. a monospecific stand (aggregated approach). The properties spe-cies, age, diameter, height, and site index of this aggregated cohort corresponded to the dominating cohort. The basal area, timber volume, and covered area of the aggregated cohort corresponded to the sum across all the cohorts within the stand. Third, I analyzed a subset of 46 randomly selected stands with all cohorts (subsampled approach, Fig. 1b ). The number of 46 stands was chosen because there were 46 plots of the national forest inventory (BMVEL 2005) within the study area. And fourth, I aggregated all the inventory data into classes according to four species groups, age classes of 10 years, and three classes of site quality according to site index (Kramer and Akça 1995) (stratified approach, Fig. 1a ). For each class I ran a simulation with one cohort using the data of site conditions and the climate record for the area that was most abundant within the forest area that was represented by the class.
Statistical Analysis
Mean carbon stocks at forest district scale and at the two sub regions of the Eastern and Western growing region were calculated with weighting the stands or classes by their corresponding stand area. In order to compare the significance of differences between the approaches I used a bootstrap analysis (Davison and Hinkley 1997) of 1000 times randomly sampling stands or classes with replacement. This mimics a 1000 times resampling of the forest district. From each bootstrap sample I recalculated the weighted mean of simulated carbon stocks (tC/ha) by one of the aggregated approaches and I recalculated its difference to the weighted mean of the stocks that were simulated by the detailed approach (Fig 1c) for each bootstrap sample. The mean, the standard deviation, and the 2.5% to 97.5% confidence interval of the difference were estimated from the empirical cumulative distribution function across the bootstrap samples. The bias, i.e. the mean difference to the detailed approach, was significant if the 95% confidence interval did not include the zero difference. In the same manner I calculated the differences between approaches and their statistics of the stock change (tC/ha/yr) from 2003 until 2013, 2023, 2053 and 2103 . The bootstrap analysis is here more appropriate than t-tests or rank-tests because it accounts for both, the strong non-normality of the distribution and the different weights, i.e. areas, of each stand or observation.
Results
Stand Level
First, I compared the aggregated versus the detailed approach (Table 2 ) at single stands. In the aggregated approach the information on the interspersed species has been discarded. Hence, the simulation of the two approaches differ most by differences between species in thinning operations and by different carbon mass per timber wood volume, i.e. the parameters wood density and biomass expansion factor. For example, at the A stand less pre-commercial thinning or self-thinning was simulated with the aggregated approach (Fig. 5a ). This was because of stronger thinning for the interspersed cohorts than for the dominating spruce cohort, which was prescribed by the yield tables. Further the species of the interspersed cohorts were also less shade-tolerant than the dominating cohort and the model calculated stronger self-thinning. This resulted in higher standing timber volume in tree biomass but in lower tree biomass because of differences in conversion factors. At the same time, less dead wood was produced with the aggregated approach. Hence, there were lower carbon stocks in woody debris and soil ( Fig. 5b and 5d ). Besides thinning, also differences in litter production and litter turnover between species were important for Stand aggregation woody debris and soil carbon stocks. When ecosystem carbon stocks were compared, i.e. the sum of carbon stocks in above and below ground biomass, woody debris, and soil, the aggregated approach resulted in lower initial carbon stocks for the example stand (Fig. 5c) . Because of the differing description of species in the aggregated approach, there were differences in volume equations, wood density, biomass expansion factors and initial carbon stocks. These differences caused the deviations in initial ecosystem carbon stocks at the beginning of the projection in 2003 in the aggregated approach compared to the detailed approach.
In addition, there were differences in initial woody debris carbon stocks (differences are between -7.3 and 2.9 t/ha in 95% of the stands) and soil carbon stocks (-19.0 to 11.9 t/ha) between the aggregated and the detailed approach (Fig. 6 ). These differences were larger than the difference in biomass stocks (-1.2 to 8.8 t/ha) and dominated the differences in ecosystem carbon stocks (-21.8 to 16.2 t/ha). However, these differences in initial carbon stocks between approaches were small compared to the differences between the stands (Fig. 7) . The relative difference between the detailed and the aggregated approach of 2003 ecosystem carbon stocks did not exceed 2% for 71% of the stands. The mean of the absolute values of the differences was 2.3% and the standard deviation of the differences was 9.0%. However, eight stands differed by more than 20%. For a subset of (Table 1) in the stand growth model. the stands the carbon stocks were overestimated by the aggregated approach, but for the other stands the stocks were underestimated. The histograms (Fig. 6) showed no apparent dominance of a direction of the difference between the aggregated approach and the detailed approach.
Forest District Scale
At forest district scale the bootstrap analysis detected a non-significant difference (-0.39 t/ha) in 2003 ecosystem carbon stocks between the aggregated and the detailed approach (Table 3) . However, for the subsets of stands in the Eastern and the Western growing region there was a significant underestimation (-0.93 t/ha) and overestimation (+1.9 t/ha) respectively. The difference in the soil carbon stocks (95% of the bootstrap samples within -1.15 to -0.48 t/ha) was larger than the difference in biomass stocks (-0.78 to +0.015 t/ha) and in woody debris carbon stocks (-0.54 to -0.29 t/ha) (Fig. 8) .
Further, when I compared the change in ecosystem carbon stocks between 2003 and 2023, there was a significant underestimation of these stock change by the aggregated approach of about -33 kg/ha/yr across the district and the sub regions. The difference regarding ecosystem stock change was dominated by biomass (95% of the bootstrap samples within -48 to -28 kg/ha/yr) compared to woody debris (+12 to +27 kg/ha/yr) and soil (-20 to -7 kg/ha/yr).
At district level, I could also compare the results of the subsampled and the stratified approach (Table 2) to the detailed approach. The studied population was the same, but the sample of individuals differed across the approaches. The box-plots of the distribution of carbon stocks in 2003 across the forest area showed that about 50% of the area had carbon stocks of 190 to 250 tC/ha and a median of about 220 tC/ha in all the four approaches (Fig. 9) . The subsampled and the stratified approach did not represent areas of extreme (28 to 289 t/ha) carbon stocks. The bootstrap analysis showed comparatively wide confidence intervals (-24 to +14 tC/ha) for the difference in ecosystem carbon stocks 2003 between the subsampled and the detailed approach (Table  3) . Hence, there was no significant bias detected. The bias with the stratified approach, i.e. the difference to the detailed approach, of 2003 ecosystem carbon stocks had the same directions for the regions as with the aggregated approach, and the bias was significant for all regions.
All four studied approaches agreed in the temporal development of carbon stocks. All four approaches projected a shift in the distribution of carbon with time (Fig. 10) . This shift is explained by the unbalanced age class structure in the forest district (Fig. 3) . Initially there was a dominance of stands of age class 40-50 years and this dominance persisted in time, as the respective stands grew older. Ecosystem carbon stocks were dominated by the tree biomass stocks, which are larger at higher age classes. When it comes to harvest of these cohorts after 2053, the carbon stocks decrease again until 2103 (Fig. 10) . When comparing the distribution of the carbon stock change between 2003 and the years 2013, 2023, 2053 and 2103, there were no obvious differences in the median and the quantiles of the distribution between approaches (Fig. 11) . The subsampled and the stratified approach did not represent areas of the extreme carbon stocks changes. The bootstrap analysis of the carbons stock change from 2003 to 2023 found again large standard errors for the difference between the stratified and the detailed approach. Hence, this difference was not significant (Table 4) . The stratified approach predicted a significantly larger stock change (0.48 t/ha/yr) than the detailed approach. Black arrows represent the 95% bootstrap confidence interval of the detailed approach and grey arrows the intervals of the aggregated approach. 
Discussion
This case study provides the first assessment of a potential bias in the quantification and projection of forest ecosystem carbon stocks with the aggregating forest inventory data of multi-cohort mixed stands. By driving a single-tree based empirical forest carbon balance model first with data on all cohorts and second with aggregated data (Table  2 ) it was possible to study the effect of abstracting from details of stand structure on the quantification of carbon stocks at the scale of stands and the scale of a forest district. My hypothesis which stated that the aggregation of multi-cohort forest inventory data to a single cohort results in a bias in simulated forest ecosystem carbon stocks was first confirmed at stand scale. The difference in initial timber volume between the aggregated and the detailed approach was caused by differences in timber volume equations (Gregoire and Schabenberger 1996) . With the example stand the aggregated approach, which subsumed the younger birch and spruce cohorts and the 10 years younger spruce cohort into the dominating spruce-cohort, resulted in a higher timber volume for the same basal area (Fig. 5) . At the same time the approach resulted in lower carbon stock in tree biomass. This corresponds to the decrease of the biomass expansion factors with age (Lehtonen et al. 2004 , Wirth et al. 2004 , Lehtonen et al. 2007 ).
In addition, there were differences in initial woody debris and soil carbon stocks that were larger than the differences in biomass and differed between regions (Fig. 8) . The difference in initial soil carbon stocks were caused mainly by differences in initial organic layer carbon stocks between coniferous and broadleaved species (Wirth et al. 2004) and to some extent also by differences in mean litter production (Wutzler and Mund 2007) , and litter turnover (Liski et al. 2005) .
The difference between the approaches in the predicted stock changes were mainly attributed to differences in thinning intensity in pre-commercial thinning and to differences in self-thinning between species in the example stand. The differences in diameter and height increment between species were less important (Fig. 5) . This observation corresponds to the finding of the overruling effect of the thinning intensity of a similar forest in Central Germany (Wutzler et al. 2006) . It also implies that a different representation of forestry management can significantly change the projection of the carbon sink during one rotation cycle.
At forest district scale the positive and negative deviations between the aggregated and the detailed approach balanced each other to a large extent (Fig. 6) . Nevertheless, the size of the studied population was large enough so that the bootstrap analysis detected a trend of an overestimation at the district scale and an under and overestimation at the Eastern and Western growing region respectively (Table 3) . However, this bias due to aggregation of stand data was small compared to the stocks and their changes (Fig.  10) . The compensation of the bias at district scale might have been due to the fact that most of the interspersed species also occurred as dominant species. Therefore, I repeated the analysis independently for the Eastern and the Western part that differed in many aspects, most important in bedrock and species distribution. Although, there was a difference in the share of broadleaved species in the interspersed cohorts compared to the dominant cohorts within these regions (Fig 2) , still negative and positive bias compensated so that the bias at district scale was small (Table 3) . The disappearance of effects that are important at stand scale was also observed and discussed for environmental parameters in a monospecific process based forest growth model (Davi et al. 2006) . From a theoretical perspective this is only expected, if the participating processes are linear (Harvey 2000) . However, this was not strictly the case with this study as it was with Davi's study.
The opposing sign of the bias in the Eastern and the Western region allows us to discuss which reasons hindered a full balancing at the district scale. A possible reason for the bias ecosystem carbon stocks in 2003 is that spruce cohorts of age 50 years store about one third less carbon for the same timber volume compared to beech cohorts due to differences in wood density and biomass expansion factors (Löwe et al. 2000 , Wirth et al. 2004 . The interspersed cohorts have a larger contribution of broadleaved species compared to the dominating cohorts in the Eastern region and a smaller contribution in Western region respectively (Fig. 2) . The aggregated approach subsumes a part of these cohorts within the dominating cohort. I, henceforth, expected an underestimation of biomass carbon stocks in the Eastern region and an overestimation in the Western region. Instead I observed a significant overestimation of biomass carbon stocks (+0.94 and +0.40 tC/ ha) in both the Eastern and the Western region respectively with the larger overestimation in the Eastern growing region (Fig. 8) . This is opposite of the expected differences and I, hence, conclude that this first reason has only a minor effect.
A second possible reason is that interspersed cohorts are of different age than the dominating cohorts. At the Eastern region the dominant cohorts were on average (basal area weighted mean) one year younger than the interspersed cohorts and at the western region 11 years older. Hence, I would expect an overestimation of carbon stocks by the aggregated approach in the Western region. This is in line with the observed carbon stocks (Fig. 8) . This second reason is likely a major contributor to bias in carbon stocks.
A third possible reason is that the most broadleaved species have a higher mean litter carbon production than spruce and pine across the rotation cycle (Wutzler and Mund 2007) . Therefore, I expect an underestimation of carbon stocks in woody debris and initial soil carbon in the Eastern region where broadleaved species are subsumed to pine and spruce cohorts. This is in line with a significant underestimation (-0.52 and -1.35 t/ha) in the Eastern region and an overestimation (0.02 and 1.52 t/ha) in the Western region for woody debris and soil carbon respectively. Because of the fact that differences in the approaches were mostly attributed to woody debris and soil (Fig.  8) , this mechanism has a likely major effect on bias on carbon stock quantification.
The significance of the bias does not necessarily imply that the bias is important. When I compare the bias with the magnitude of the stocks and their changes (Fig. 10) , the bias can hardly be presented in the graph and also the bias of the subsampled and stratified approach would hardly be seen. It is small compared to the range of the uncertainty of the ecosystem carbon stock prediction of the detailed approach (e.g. -0.39 tC/ha bias; 195.5 to 201.2 tC/ha 95% confidence interval of the detailed approach estimate of ecosystem carbon stocks in 2003, i.e. only about 7% of the uncertainty range). The bias is small enough compared to the uncertainty range, so that I conclude that it is not important for the quantification and projection of carbon stocks at this case study. This study considered only uncertainty introduced by sampling the population of forest stands and the aggregation of the inventory data. If, additionally, the uncertainty of the forest inventory and the model were considered, the uncertainty ranges would increase, and the relation of the bias to the uncertainty range would be even smaller. In order to verify that the smallness of the bias is a general phenomenon, it is necessary to repeat similar studies at various forests. However, I do not expect the bias to increase at other forests to the magnitude of the uncertainty range.
The observation of higher simulated carbon stocks in woody debris and soil for spruce stands that are interspersed with broadleaved species counteracts with the observation of lower timber volume (Fig. 5a ). Such antagonistic effects of mixture on productivity are observed, when species compete for the same resources (Pretzsch 2003 , Pretzsch 2005 . However, the results confirm that a lower timber production of mixed stands does not imply lower carbon storage, which corresponds to findings by Jandl et al. (2007a) .
We shoed a strong legacy effect of an unbalanced age class distribution (Fig. 10 ). This legacy effect of age classes has already been simulated before for the study region (Vetter et al. 2005 , Böttcher 2007 ). Since, this age class effect is also observed in other regions of the world (Albani et al. 2006) , it contributes to the projected exhaust of the terrestrial sink (Canadell et al. 2007 ).
The advantages of using an empirical distance independent tree based forest ecosystem carbon balance model are that I was able to run it at each individual stand including the full inventory data of all cohorts. I could take detailed account for site quality, as expressed by the site index, and for the effects of thinning operations on stand development. The drawback of this approach, however, was that I could not explicitly represent climate change in the stand growth submodel. On the contrary, mechanistic approaches allow more confidence in longer term projections that are effected by changing environmental conditions, but require more detailed input parameters and input data (Grote and Pretzsch 2002 , Porté and Bartelink 2002 , Matala et al. 2003 . With explicitly accounting for climate change I expect the stand growth and the biomass carbon stocks later than 2003 to be higher than with the presented simulations (Mund et al. 2002 , Jandl et al. 2007b . The soil carbon either may be higher because of enhanced litter input or be lower because of enhanced decomposition of soil organic matter. Climate change could, however, affect species differently and alter competition, growth, and self-thinning. On the other hand, the changes in biomass carbon stocks are mainly a result of a changing age structure and thinning intensities in these managed forests. Therefore, I expect the effects of climate change in the next 100 years to be overruled by forestry management to a large extent.
Despite these restrictions, this case study provides evidence, that the bias in carbon stock changes due to aggregation of stand data is only 7% of the uncertainty range, i.e. 95% confidence interval of the detailed approach, and hence this study provides evidence that the application of the aggregated and the stratified approaches is valid.
Conclusions
This case study on the potential bias, which is introduced by representing multi-cohort mixed forest stands by only one tree cohort, confirms a small but significant bias. It is based on several scenarios of aggregating forest inventory data of 1616 stands of a forestry district in Central Germany and the simulation of a single-tree based empirical forest carbon balance model. At stand scale the ecosystem stocks that were quantified for 2003 with the aggregated approach differed from the detailed approach by 2.3%, but at the district scale only by 0.05%. The sign or the magnitude of the bias in simulated biomass, dead organic matter, and soil carbon stocks differed between two sub regions. By comparing the differences between the regions to the bias in carbon stocks I identified likely major causes for the bias. For the quantification of the initial stocks the differences in age between interspersed and dominant cohorts were important as well as differences in litter production between species. For the projection of the carbon stocks over the next 100 years, the differences in forestry management were important, namely the amounts of wood extracted by thinning operations. Because of the smallness of bias, e.g. only 7% of the size of the 95% confidence interval of the detailed approach for the carbon stocks in 2003, this case study collects evidence that the approaches of carbon stock quantification, that represents stands or stratums by a single cohort, are valid at the scale of a forest district or larger.
